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Abstract

The 5™ Metallization Workshop took place in Constance, Germany on 20 and 21 October 2014 and provided an overview of
research and development in the field of solar cell metallization. Enhanced understanding of contact structure and formation was
obtained thanks to new characterization techniques. Great progress in metallization technologies was also reported. Screen
printing technology is continuing its trajectory of continuous improvement, notably with fine-line screen printing (linewidth < 50
pm) becoming a reality. Ni/Cu plating technology is also progressing fast, with many of the technical barriers to adoption being
successfully removed. Finally, the workshop also highlighted the move towards a module-centric design of solar cell
metallization, targeting high performance and low cost at module level.
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1. Introduction

Photovoltaics technology continues to grow in importance, with more than 40 GW in new capacity installed in
2014. This development is enabled by a reduction of cost per Watt of generated electricity. Solar cell metallization
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is a key aspect of this evolution, because it has a strong impact on both cost and performance. Since 2008, the
authors organize a workshop that brings together experts in crystalline silicon solar cell metallization, which has
proved to be an important forum in this specialized field, fostering knowledge sharing, networking and
collaboration. The fifth edition of the Metallization Workshop on Metallization for Crystalline Silicon Solar Cells
took place on 20 and 21 October 2014, in Constance, Germany. There were 130 participants, 34 contributions, a
debate session in which hot topics were discussed in small groups, and many informal discussions between experts.
In this paper, we summarize the workshop while situating the contributions in the overall status of metallization in
research and industry. Note that all presentations and posters are downloadable for free from
www.metallizationworkshop.info.

2. Fundamental understanding of screen printed contacts

As in previous workshop editions, a substantial part of the workshop was devoted to contributions aiming to
understand the fundamental aspects of screen printed Ag metallization. Although the technology was adopted by the
solar cell manufacturing industry in the 1980’ies, has become a standard and mature technology, and has been
steadily improved over the years, the understanding of both contact formation and exact microscopic conduction
mechanism is still incomplete. In particular, a long standing discussion is still unresolved about what is the
dominant conduction mechanism of screen printed Ag contacts on P-doped emitters. During the final thermal
treatment of the screenprinted Ag paste (the ‘firing’) Ag crystallites grow into the Si surface, and those crystallites
provide a good contact between the Si and the bulk Ag in the fingers [1, 2]. It was also observed that the thin glass
layer between silicon and bulk Ag in the fingers contains extremely small particles (‘nano-colloids’), and it was
hypothesized that current mainly occurred through nano-colloids-assisted multi-step tunneling [3]. Research has not
yet led to a consensus on this topic. There is mounting evidence that many of the contacts made with modern screen
printing pastes with low contact resistance have a thin interfacial glass layer with Ag nano-colloids [4-8]. However
models suggest that tunneling through a thin glass layer with Ag colloids is not possible as the distance between the
nano-colloids is too large to enable significant current (at least for classical tunneling models) [9]. Temperature-
dependent measurements have not yet provided a consistent answer to the puzzle [6, 8, 9]. While field emission-
based models (consistent with Ag crystallite-dominated current paths) can explain measured current flows at low
temperatures, they fail temperatures above 300 K [9]. A mechanism explaining why screenprinted Ag contacts often
are improved upon forming gas annealing was presented. A phenomenon of formation of Ag particles through
reduction was observed, leading to decoration of pores in the glass layer and creation of additional current
conduction paths [10].

Emerging solar cell structures such as N-PERT cells require screen printed low ohmic contacts on highly B- (p-
type) doped regions instead of P-doped (n-type), which is more challenging. Introducing some Al in the Ag paste
was shown in the past to be an effective way of reducing contact resistance [11]. At the workshop, great progress
was reported in understanding the formation of such contacts. A model was presented that could explain all
experimental observations. In this model, contacts grow in localized areas through openings of the SiNx:H coating,
and SiNx:H acts as a mould during the growth of the Ag/Al contacts spots (Fig. 1) [12-15]. Furthermore, it was
shown that increasing the Al content limits the densification of the screenprinted metal and leads to modified glass
distribution in the interface structure [16, 17].

The important topic of metallization durability on module level upon aging was also discussed. Evidence was
presented that degradation of screen printed Ag fingers in damp heat conditions is related to the chemical reaction
between a degradation product of EVA and screen printed Ag, and that it can be avoided altogether by selecting an
alternative encapsulant [18].
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Fig. 1 : Model for contact formation of screen printed AgAl contacts [13]. Reproduced with permission from the University of Konstanz.

3. Screen printing technology

As the workhorse of solar cell metallization, screen printing technology is constantly being further developed and
improved. One important effort is geared towards reduction of linewidth, improving screens, Ag pastes and printing
process. Several contributions at the workshop demonstrated that a linewidth of 35 um is already achieved in the
laboratory while state-of-the-art industrial processes lead to 50 um linewidth (Fig. 2) [19-23]. In order to combine
fine linewidth and high aspect ratio, stencil printing [24, 25] and double printing (two fine-line prints on top of each
other) are being developed and implemented, both leading to impressive results, with the latter appearing most
mature today [20, 21].

i | |

Fig. 2 : Microscope pictures of screen printed Ag fingers of different widths [19]. Reproduced with permission from Heraeus Deutschland
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With the decreasing linewidth, one might expect contact resistance to increase because of limited contact area and
start affecting significantly solar cell performance through higher resistive losses. However, it was shown at the
workshop that with present linewidth range, as well as present paste and emitter technology, this is not yet a
performance limiting factor [24-26].

A new topic in the field of screen printed metallization is the development and application of screen printable
pastes based on Cu instead of Ag [5, 27-30]. These pastes are designed to prevent oxidation of the Cu particles and
Cu diffusion into the solar cells. Hence, they are low temperature pastes and do not reach as low resistivities as Ag
pastes, but they do allow excellent solar cell performance when used for the busbars in a two steps metallization
process where fingers are first formed on the cells.

4. Contacts to p-type by local BSF alloying

An increasingly important topic in solar cell manufacturing is the formation of local Al-Back Surface Field by Si-
Al because of the introduction of Passivated Emitter and Rear Cells in production. Such local alloying is a complex
process and many undesirable effects can occur, such as the formation of a BSF region that is too deep, or the
creation of voids between the highly doped Si and the Al, which can have a dramatic impact on solar cell
performance. In past years, a good understanding of the phenomena at play has been reached and predictive models
have been proposed. However it remains important to be able to analyze locally alloyed contacts and diagnose
problems both in lab and in manufacturing. At the workshop, two non-destructive characterization techniques were
introduced for void detection, and their advantages and limitations were discussed [31].

Contact resistance at local contacts potentially can have a dramatic impact on PERC cells performance, but it is
not easy to determine. Often, macroscopic measurements of the overall resistance are made and a model linking
resistance at a local contact and overall series resistance is used to infer the local contact resistance from them,
taking the contact pattern into account. At the workshop, it was explained why previous models tended to
overestimate contact resistance and an improved model was presented [32, 33].

5. Ni/Cu plated contacts

While screen printing remains a dominant technology in the field of solar cell metallization, electrochemical
metal deposition (‘plating’) is seen by many as likely to replace screen printing in the long term, as it enables higher
performance and the use of lower cost metals.

In the most developed approach to plated cells, silicon nitride is first locally removed where metallization is
going to come, a thin layer of Ni is deposited on the exposed Si and annealed to form Ni silicide, and Cu is grown
electrochemically to create the bulk of the contact. While, in the previous editions of the workshops, many
challenges had been highlighted that needed to be solved before introduction in manufacturing, several contributions
at this 5™ workshop showed that most of those challenges are being tackled if not already solved.

An important risk with Cu-based metallization is the possible diffusion of Cu into the Si, impacting device
performance. It was shown at the workshop that PECVD SiNx effectively stops Cu diffusion, and that in a 0.2 pm
Ni deposition in the area where SiNx has been removed could also provide adequate barrier properties [34, 35].
Therefore, accelerated aging tests indicated that properly designed Ni/Cu plated metallization could yield the
stability necessary for long term operation.

Another concern is the potential poor adhesion of metallization, which in the past was cause of a resounding
failure of one of the market introduction attempts of a plated solar cell technology. At the workshop some excellent
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adhesion results were presented, both for Ni deposited by sputtering [36] and Ni deposited electrochemically [37].
In the latter contribution, it was shown that adhesion was such that peeling off a soldered ribbon from a busbar led to
breakage in the silicon at comparably high pull forces. Finger adhesion was also shown to be excellent for the right
plating conditions, as illustrated in Fig. 3. A stylus-based method was proposed at the workshop to provide
quantitative data on finger adhesion and help determine failure modes [38, 39].

| Silicon
| Nickel
B Copper
W Silver

Fig. 3 : SEM-EDX picture of the bottom surface of a Ni/Cu plated finger that was intentionally pulled off from a solar cell. Note the presence
of Si in the region where Ni silicide was formed, indicating cohesive failure in the Si and excellent adhesion at the Ni silicide/silicon interface.
Picture reproduced with permission from Rena Technologies GmbH and Fraunhofer Institute for Solar Energy Systems ISE [37]

In the past, plating metallization procedures were always seen as very complex, with multiple annealing and wet
chemical steps. Recently, process sequences have been developed that enormously simplify the process [37, 40-43],
a typical sequence consisting of a laser ablation step, plating of the whole metal stack (that can be done in principle
in a single wet chemical process equipment) followed by a single annealing step in nitrogen. With such a process,
p-type Cz PERC solar cells with efficiencies well above 20.5 % were made, with the best cell reaching 21 % [37].
Whereas in the past, plating expertise for solar cells was confined to very few labs, general plating knowledge and
good practices are becoming more widespread, partly thanks to contributions at the Metallization Workshop, see for
example reference [44, 45].

Finally, good durability and reliability results of full size modules need to be available before massive investment
in the technology. Such data is starting to become available, with for instance full size module made with Cu
plating cells shown to pass IEC standard requirements for damp heat and thermal cycling without any degradation
[37, 42].

The progress reported earlier on Ni/Cu plating was obtained on cells with conventional homojunction devices.
However, this type of metallization seems ideally suited for heterojunction (HJ) solar cells (c-Si cells with
amorphous Si emitter and BSF). This is related to the temperature sensitivity of those devices, which degrade
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already at intermediate temperatures (> ~ 250 °C). Conventional screen printing pastes cannot be used as they need
to be fired at high temperature. That is why low temperature Ag pastes have been used for HJ solar cells, but they
result in a much higher resistivity material after annealing (a factor 3 in the best case), and they are more expensive
than high temperature pastes. Therefore, one needs more of a more expensive material, resulting in a cost
disadvantage for that technology. As Ni/Cu plating metallization does not require high temperatures and moreover
has low material cost, it seems a perfect fit for heterojunction cells. There are however challenges to implement
plating on such cells. Unlike for homojunction cells where patterning can be achieved in a relatively easy way
through laser ablation and selective Ni deposition or silicidation, a rather complex (and therefore expensive)
patterning process has to be used. Moreover, contact resistance and adhesion of those contacts on the transparent
conductive oxide layer that is needed for these devices tend to be poorer than with screen printed contacts [46]. The
problems were discussed at the workshop and progress on solving them was presented. It was for instance shown
that the detrimental impact of plating chemicals on the transparent conductive oxide could be avoided by carefully
selecting the baths and implementing some process changes [47]. An innovative and potentially low cost inkjet
patterning technology was also presented and implemented in a proof-of-concept heterojunction device [48, 49].

6. Alternative metallizations

Apart from presentations and in-depth discussions on the dominant metallization technologies, the Metallization
Workshop also offers a stage for alternative or emerging metallization techniques. In this 5" Metallization
Workshop this topic was of greater importance than in previous editions, reflecting a sustained and continued drive
for innovation in the field of metallization.

Al PVD is a well-established metallization technique for numerous applications which however has not been
adopted in a significant way in solar cell manufacturing so far. That might change in the future as Interdigitated
Back-Contact (IBC) solar cells become more and more widespread. Indeed, IBC cells need a large metal fraction at
the rear. Moreover, as all metal contacts are on the rear surface, the structure offers the possibility to achieve the
complete metallization by deposition of a blanket layer followed by local patterning. These two factors make Al
PVD particularly attractive for this type of cells. Low-cost Al patterning is a key need to implement this
metallization. At the workshop, localized Al anodizing was introduced has a potential high-throughput option for Al
patterning [50, 51].

For H-pattern cells with printed contacts, several alternative printing techniques were discussed and recent
progress was presented. Parallel dispensing is such a technique, which has been under development for a while [52,
53]. At the workshop, it was shown that, while linewidth is in the same range as what can be achieved by fine-line
screen printing, aspect ratio and variability are markedly better for dispensed lines, provided that appropriately
modified Ag pastes are used [54, 55]. Progress on flexography, another common printing technique which is
however not used in solar cell manufacturing, was also presented [56, 57]. Promising linewidths (also in the order of
30 um) have been achieved but with low metal deposition and therefore a high line resistance. For conventional
solar cells this is not useful, but it might be ideal for cells structures that are adapted to novel interconnection
techniques (see section 7). Finally, two laser transfer printing techniques were presented, which have in common that
they use a laser pulse to achieve transfer of metal from a carrier to the substrate, enabling fast and precise printing.
The first one is Thermal Induced Nozzle Laser Induced Forward Transfer (TIN-LIFT), which relies on accurate
material deformation through laser pulse control to achieve the desired contact morphology [58, 59]. The second
one is Pattern Transfer Printing (PTP), which consists of a first step where a mold with the negative image of the
desired pattern is filled with Ag paste, followed by the laser flash [60, 61]. With the latter technique, very narrow (<
30 um), high aspect ratio contacts have been achieved and proof-of-concepts cells with low Ag consumption and
high fill factors (up to 79 %) have already been obtained.
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7. New interconnection and impact on metallization

A new and interesting trend was clearly apparent in the workshop. Increasingly, metallization is designed to yield
best performance and/or lowest overall cost at module level, and not at cell level as it too often was the case in the
past. Module performance and cost are already commonly considered when the optimum number of busbars has to
be determined for new modules of conventional design. However, the approach has a more dramatic impact on the
final metallization when new interconnection techniques or completely new module structures are implemented.

In order to reduce overall cost, attempts are being made to attach interconnection ribbons on cells without
busbars. Electrically conductive adhesives (ECA) are used, but in order to make effective use of ECA and enhance
adhesion, it was proposed to combine ECA and a non-conductive adhesive. Preliminary proof-of-concepts were
demonstrated [62, 63].

In the case of back-contact modules based on Metallization Wrap Through cells and conductive backsheets
(CBS), optimization calculations shift metallization designs to many vias, as well as very thin and narrow fingers
[64, 65]. For these modules, reliable contact is required between the CBS and the ECA used to connect the cell
metallization to the CBS. Certain combinations CBS-ECA with excellent durability and performance were shown to
exist [66, 67].

The most dramatic impact on the module-centric design of metallization is when wire-based interconnection is
implemented, such as the Smartwire or Multibusbar technologies [68]. Indeed, in these approaches, the distance
between the interconnecting wires (between 15 and 30 per cell depending on the technology) is very short. As a
result the finger line resistance can be high without introducing excessive resistive losses (losses being proportional
to the square of the finger length). In that case, it is possible to apply fine line screen printing with very low paste
lay-down and still achieve high performance [69]. High throughput fine-line techniques that would otherwise not be
very suitable in conventional cells may turn out very relevant for such cell and module structures [56, 57].
Moreover, cells can be used without busbars, or only very small ones, and fingers can even be interrupted without
significant power loss [22, 23]. Both measures further radically reduce Ag paste consumption.

The combination of Smartwire technology with plated metallization was also presented at the workshop [70].
Interestingly, because one can afford high line resistance, a plating stack consisting of only a few pm Ni and a Ag
finish layer is sufficient to reach high laminate performance. This was demonstrated with n-PERT efficiencies
above 20 % and fill factors above 77.5 %.

8. Debates

Many of the topics presented in this paper were discussed in detail in a ‘debate market place’ at the end of the
first day of the workshop. The objective was for small groups to come to a joint answer on a number of provocative
questions such as ‘Cu plating: How do we make it happen in practice ?’ or ‘Soldering ribbons at damage-inducing
temperature onto material-wasting busbars : Is there a smarter way with ribbons ?” Each topic was highlighted by
one or two posters with relevant content. Before the discussion the authors presented their posters serving as the
starting point for the debate and leading to very lively exchanges. The outcome of the group discussions can be
found on the website of the 5™ Metallization Workshop (access through www.metallizationworkshop.info).
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9. Conclusion

The 5" Metallization Workshop highlighted great progress in the field of solar cell metallization. Screen printing
technology is true to its impressive track record of continuous improvement, notably with fine-line screen printing
(linewidth < 50 pm) becoming a reality. Ni/Cu plating technology is also progressing fast, with many of the
technical barriers to adoptions being successfully removed. Finally, the workshop also highlighted the move
towards a module-centric design of solar cell metallization, targeting high performance and low cost at module
level.
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